Introduction
============

Approximately one billion people worldwide are affected by hypertension. Essential hypertension (EH) accounts for 90-95% of these cases, the progression of which is affected by both genetic and environmental factors ([@b1-etm-0-0-8759]). The underlying mechanisms of hypertension are complex. It is known that vascular smooth muscle cells (VSMCs) are located mainly in the arterial tunica media and act as critical determinants in vascular-related diseases ([@b4-etm-0-0-8759]). Excessive VSMC proliferation is involved in hypertension-induced maladaptive vascular remodeling ([@b5-etm-0-0-8759],[@b6-etm-0-0-8759]). An imbalance between proliferation and apoptosis may be important in the structural changes associated with vascular injury. In addition, the renin-angiotensin system (RAS) plays a pivotal role in regulating blood pressure and promoting the proliferation of VSMCs ([@b7-etm-0-0-8759]). Renin is the first rate-limiting enzyme of the RAS system and is closely linked to hypertension. Cyclic adenosine monophosphate (cAMP) plays a key role in this system ([@b8-etm-0-0-8759]). Another enzyme, tonin, directly catalyzes the formation of the plasma protein angiotensin II (Ang II) using renin tetradecapeptide as a substrate and angiotensin I (Ang I) ([@b9-etm-0-0-8759]). Ang II is a multifunctional peptide that exerts effects on VSMCs, including regulation of vasoconstriction, wall tension, cell growth and apoptosis, through its vasoconstrictive properties ([@b10-etm-0-0-8759]).

The relationship between Ca^2+^ and hypertension has been clinically well documented ([@b11-etm-0-0-8759]). A large number of studies have shown that a low calcium diet is a significant factor in hypertension and that calcium intake can effectively reduce blood pressure (BP), both effects which have been identified in animal models of hypertension ([@b12-etm-0-0-8759],[@b13-etm-0-0-8759]), though their underlying mechanisms are not well understood. Calcium sensitive receptor (CaSR), an extracellular Ca^2+^ receptor, is a member of the C subfamily of the G-protein-coupled receptor superfamily. Despite extensive current interest, the emergence of CaSR in the field of cardiovascular diseases was actually fairly recent. In 2003, the expression of CaSR in rat myocardium was first confirmed ([@b14-etm-0-0-8759]). Subsequently, scholars worldwide have confirmed the importance of CaSR\'s role in cardiovascular diseases, such as myocardial hypertrophy, ischemia-reperfusion injury, atherosclerosis and pulmonary hypertension ([@b15-etm-0-0-8759],[@b16-etm-0-0-8759]). Further research has determined that CaSR was functionally expressed in the outer membrane of the blood vessel wall, fibroblast cells and VSMCs ([@b17-etm-0-0-8759]). CaSR\'s main function is to maintain the homeostasis of Ca^2+^ and other metal ions throughout the body. Several studies have shown that CaSR may regulate BP, but the underlying mechanism is unknown. Rybczynska *et al* ([@b18-etm-0-0-8759]) reported that treatment with NPS2143, an allosteric inhibitor of CaSR, elevated BP in normotensive rats; however, in rats subjected to parathyroidectomy or treated with an Ang I receptor (AT1R) blocker (such as losartan) in the presence of a calcium-channel blocker or antagonist, elevated BP was not observed ([@b19-etm-0-0-8759]). Ogata *et al* ([@b20-etm-0-0-8759]) found that NPSR568 (R-568) decreased BP in uremic and spontaneously hypertensive rats (SHRs), but had no effect on normotensive rats. Atchison *et al* ([@b12-etm-0-0-8759]) and Ortiz-Capisano *et al* ([@b21-etm-0-0-8759]) suggested that CaSR was expressed in juxtaglomerular cells and its activation in turn activated the ryanodine receptor (RyR) via the phospholipase C (PLC)/inositol 1,4,5-triphosphate (IP3) pathway to augment intracellular calcium (\[Ca^2+^\]~i~) and inhibit cAMP formation, thereby suppressing renin release. These researchers hypothesized that the mechanism by which CaSR regulates blood pressure may be related to intervention by the RAS.

Previous studies have demonstrated that lower levels of the CaSR were associated with increased vascular remodeling, promoting the development of EH by activating the cAMP-RAS pathway; moreover, the CaSR agonist R568 was a viable suppressant of local RAS activity to relieve these symptoms *in vivo* ([@b22-etm-0-0-8759],[@b23-etm-0-0-8759]). However, the potential molecular mechanisms underlying this phenomenon remain to be elucidated. The present study was therefore conducted in order to determine whether NPS2143 promotes the proliferation of SHR VSMCs and whether this molecular mechanism is involved in activating the RAS signaling pathway.

Materials and methods
=====================

### Drugs

NPS2143 was purchased from Tocris Bioscience Co., Ltd. U73122, captopril and losartan were obtained from Selleck Chemicals. 2-APB was purchased from Abcam and MDL12330A was obtained from ApexBio Technology LLC.

### Cell culture and treatment

Primary VSMCs were isolated from thoracic aortas of 20 male Wistar-Kyoto (WKY) rats and 50 SHRs. Rats (age, 8 weeks; weight, 150-180 g) were purchased from Vital River Laboratory Animal Science and Technology Co., Ltd (license number: SCXK2012-0001) and were kept in an alternating 12-h light/dark cycle at a temperature of 20-25˚C, constant humidity with free access to food and water. This animal study was approved by the Institutional Animal Research Committee of Shihezi Medical University, and all animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health ([@b24-etm-0-0-8759]). On the day of the experiment, rats were anaesthetized by the intraperitoneal injection of 30 mg/l pentobarbital sodium (Merck KGaA) at a dose of 50 mg/kg and the chest was opened to extract the thoracic aorta. After surgery, the rats were euthanized by the intraperitoneal injection of pentobarbital sodium (150 mg/kg). Rat aorta was cleaned from adherent tissue, and the endothelium was denuded. Pieces of aorta (1 mm^2^) were cultured in Dulbecco\'s modified Eagle\'s medium/F12 (DMEM/F12; Gibco^®^; Thermo Fisher Scientific, Inc.) supplemented with 20% FBS (Gibco^®^; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin at 37˚C in a 5% CO~2~ humidified incubator in accordance with a previously published protocol ([@b25-etm-0-0-8759]). Cells migrated from the pieces of aorta after 7-9 days. Aortic pieces were then removed and VSMCs were left to proliferate. Experiments used VSMCs from passages 3-6 at 80-90% confluence. Cell growth was arrested using serum-free DMEM-F12 to incubate the cells for 24 h before intervention. VSMCs were divided into 13 groups and treated as follows: i) Untreated WKY VSMC; ii) untreated SHR VSMC; iii) SHR VSMC treated with NPS2143 (1 µM); iv) SHR VSMC treated with U73122 (10 µM ([@b21-etm-0-0-8759]); PLC-specific inhibitor); v) SHR VSMC treated with 2-aminoethoxydiphenylborane (2-APB; 100 µM; IP3 receptor antagonist) ([@b21-etm-0-0-8759]); vi) SHR VSMC treated with MDL12330A (10 µM; adenylyl cyclase (AC)-V inhibitor) ([@b26-etm-0-0-8759]); vii) SHR VSMC treated with captopril \[100 µM; an angiotensin-converting enzyme (ACE) inhibitor\] ([@b27-etm-0-0-8759]); viii) SHR VSMC treated with losartan (10 µM, AT1R inhibitor) ([@b28-etm-0-0-8759]); ix) SHR VSMC treated with NPS2143 + U73122; x) SHR VSMC treated with NPS2143 + 2-APB group; xi) SHR VSMC treated with NPS2143 + MDL12330A; xii) SHR VSMC treated with NPS2143 + captopril; xiii) SHR VSMC treated with NPS2143 + losartan group. All the aforementioned treatment regimens were cultured at 37˚C in a 5% CO~2~ humidified incubator for 48 h prior to subsequent experimentation.

### MTT assay-guided optimization

VSMCs (5x10^3^ cells/well) were plated in 96-well plates and cultured for 12, 24, 48 and 72 h with NPS2143 of different concentrations (0.01, 0.03, 0.1, 0.3 and 1 µM) ([@b29-etm-0-0-8759]), then treated with the designated drugs. MTT (10 µl, 5 mg/ml) was added into each well and then incubated at 37˚C for 4 h. The supernatant was removed and 150 µl of DMSO was added to each well. The absorbance at 490 nm was measured using a model 680 microplate reader (Bio-Rad Laboratories, Inc.). Cell proliferation ratio was calculated using the following formula: Ratio=(A490 value in test group-A490 value in control group)/A490 value in control group x100%.

### Flow cytometry analysis of cell cycle distribution

Cell cycle distribution was determined using propidium iodide (PI) staining according to the manufacturer\'s instructions \[MultiSciences (Lianke) Biotech Co., Ltd.\]. Following optimal time treatments with the designated drug interventions, cells were harvested and fixed with 70% ethanol overnight at 4˚C. Fixed cells were collected by centrifugation (1,000 x g for 5 min at 4˚C), washed twice using PBS, and incubated with 1 ml of PI staining buffer (20 µg/ml PI and 50 µg/ml RNaseA) at room temperature for 30 min in the dark. Thereafter, cellular fluorescence was measured by flow cytometry (BD FACSAria™ III Cell Sorter; cat. no. 648282; BD Biosciences). Flow cytometry data analysis was conducted performed using the FlowJo 7.6.1 software (FlowJo LLC).

### Apoptosis assays

Apoptosis was detected using an annexin V-FITC/PI apoptosis detection kit or annexin V-APC/PI apoptosis detection kit according to the manufacturer\'s instructions \[MultiSciences (Lianke) Biotech Co., Ltd.\]. Briefly, VSMCs were plated into six-well plates and incubated with drugs for optimal intervals using the results from MTT assay. The cells were harvested, washed twice with pre-chilled PBS, and centrifuged (1,000 x g for 5 min at 4˚C), followed by staining with annexin V-FITC/PI or annexin V-APC/PI at 4˚C for 10 min in the dark and then stained cells were analyzed by flow cytometry (BD FACSAria™ III Cell Sorter; cat. no. 648282; BD Biosciences). Flow cytometry data analysis of the proportion of apoptotic cells was performed using the FlowJo 7.6.1 software (Flowjo LLC).

### Fluo-3/acetoxymethyl (Fluo-3/AM) measurements of \[Ca^2+^\]~i~

VSMCs were cultured where the cell density was adjusted to 1x10^5^ cells/ml with the indicated drugs for optimal time intervals, then loaded with 5 µM fluo-3/AM (Beijing Solarbio Science & Technology Co., Ltd.) for 40 min at 37˚C in the dark. The VSMCs were then washed twice with Ca^2+^ (0.14 g/l) HEPES-buffered saline (HBS) to remove the extracellular fluo-3/AM and incubated further in Ca^2+^ HBS for 20 min at 37˚C. Next, confocal microscopy (model: Zeiss LSM 510 META; Zeiss AG) was performed to analyze the fluorescence intensity induced by fluo-3.

### Immunofluorescence analysis

VSMCs were fixed in 4% paraformaldehyde for 20 min at room temperature and blocked with 5% BSA (Sigma-Aldrich; Merck KGaA) for 30 min at 37˚C. The cells were then co-incubated with either CaSR (1:200; cat. no. ab19347; Abcam) and Renin (1:100; cat. no. bs-6184R; BIOSS) primary antibodies or CaSR (1:200; cat. no. ab223360) and AT1R (1:50; cat. no. ab9391; Abcam) primary antibodies overnight at 4˚C. On the following day, the cells were brought to room temperature over 1 h and washed 3 times (5 min each time) with PBS. Goat tetramethylrhodamine (TRITC)-conjugated anti-mouse (1:50; cat. no. BA1089; Boster Biological Technology), goat FITC-conjugated anti-rabbit secondary antibody (1:50; cat. no. BA1105; Boster Biological Technology), goat TRITC-conjugated anti-rabbit (1:50; cat. no. BA1090; Boster Biological Technology) or goat FITC-conjugated anti-mouse secondary antibody (1:50; cat. no. BA1101; Boster Biological Technology) diluted using 5% BSA were added in the dark and the cells were incubated at room temperature for 1 h. After being washed with PBS, the cells were treated with 0.5 µM DAPI for 10 min at 37˚C. Next, the cells were examined and images were captured using confocal microscopy.

### ELISA

ELISA kits (Elabscience Biotechnology Co., Ltd.) were used to determine the levels of Renin (cat. no. E-EL-R0030c) and Ang II (cat. no. E-EL-R1430c) in the cell culture medium and cAMP (cat. no. E-EL-0056c) from the cell lysate, each specific measurement method was performed according to the manufacturer\'s protocols. Optical absorbance values were read at 450 nm (Bio-Rad Model 3550-UV; Bio-Rad Laboratories, Inc.).

### Western blot analysis

After specific drug treatments, cells were incubated in lysis buffer (PMSF:RIPA, 1:100; Sigma-Aldrich; Merck KGaA) for 20 min on ice. After insoluble debris was pelleted by centrifugation at 12,000 x g for 15 min at 4˚C, the supernatants were collected and protein concentrations were assessed by the bicinchoninic acid method. After boiling the samples for 10 min, the protein samples (10 µg/lane) were fractionated by SDS-PAGE (10-12% polyacrylamide gels), transferred to polyvinylidene fluoride membranes (EMD Millipore) and blocked with 5% non-fat milk for 2 h at room temperature. The membranes were then incubated overnight at 4˚C using appropriate dilutions of primary antibodies against CaSR (1:1,000; cat. no.; Abcam), proliferating cell nuclear antigen (PCNA, 1:250; cat. no. BM0104; Boster Biological Technology), smooth muscle actin α (α-SMA; 1:500; cat. no. BM0002; Boster Biological Technology, Wuhan, China), calponin (1:400; cat. no. BM4088; Boster Biological Technology), osteopontin (OPN; 1:1,000; cat. no. ab8448; Abcam), renin (1:250; cat. no. bs-6184R; BIOSS), AT1R (1:1,000; cat. no. ab9391; Abcam, UK), Bcl-2 (1:200; cat. no. BA0412; Boster Biological Technology), Bax (1:200; cat. no. BA0315; Boster Biological Technology) and β-actin (1:1,000; cat. no. TA-09; ZSGB-Bio; OriGene Technologies, Inc.). Membranes were then washed three times with Tris-buffered saline containing 0.1% Tween 20 and incubated with horseradish peroxidase-conjugated secondary antibodies (1:20,000; Boster Biological Technology) for 2 h at room temperature. Detection was performed with an enhanced chemiluminescence system (Pierce; Thermo Fisher Scientific, Inc.). Band intensity was quantified using Bio-Rad Quantity One software (version 4.3.0; Bio-Rad Laboratories, Inc.) with β-actin as an internal control.

### Adenovirus-mediated downregulation of AT1R in VSMCs

VSMCs (1x10^5^/ml) were prepared and infected at a multiplicity of infection of 100 with shRNA scrambled or AT1R down-regulating AT1R-shRNA adenovirus 67, 68, 69 (Shanghai GeneChem Co., Ltd.) for 48 h at 37˚C in a 5% CO~2~ humidified incubator, following which interference efficiency was assessed by either reverse transcription-quantitative PCR (RT-qPCR) or western blot analysis. The target sequences were as follows: shRNA scrambled, 5\'-TTCTCCGAACGTGTCACGT-3\'; shAT1R-67, 5\'-GGCCAGCGTCTTTCTTCTCAA-3\'; shAT1R-68, 5\'-CAGCGTGAGCTTCAACCTCTA-3\' and shAT1R-69, 5\'-GGGCTGGGCCTTACCAAGAAT-3\'.

### RT-qPCR

Total RNA was extracted from cultured VSMCs using TRIzol^®^ Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to manufacturer\'s protocol. First-strand cDNA synthesis was performed using a TIANScript RT kit according to manufacturer\'s protocol (Tiangen Biotech Co., Ltd.). The temperature step protocol for the reverse transcription reaction 70˚C for 5 min, on ice for 2 min, 42˚C for 50 min and lastly 95˚C for 5 min. The consequent cDNA products were used as the PCR templates. Subsequent qPCR was performed using SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, Inc.) according to manufacturer\'s protocol with the Applied Biosystems 7500 Real-Time PCR system (Thermo Fisher Scientific, Inc.). The primer sequences used for qPCR were as follows: AT1R forward, 5\'-GCTTCAACCTCTACGCCAGTGTG-3\' and reverse, 5\'-CAGCCAGATGATGATGCAGGTGAC-3\' and GADPH forward, 5\'-TGGCCTTCCGTGTTCCTAC-3\' and reverse, 5\'-GAGTTGCTGTTGAAGTCGCA-3\'. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 2 min, followed by45 cycles of 95˚C for 15 sec, 60˚C for 15 sec, and 72˚C for 1 min. The Relative expression was normalized to that of GAPDH and was quantified using the 2^-ΔΔCq^ method ([@b30-etm-0-0-8759]).

### Statistical analysis

Data are presented as the mean ± SEM. Experimental groups were compared using one-way ANOVA, followed by Bonferroni correction. An unpaired Student\'s t-test was used for direct comparisons. P\<0.05 was considered a statistically significant difference. Statistical analysis was performed using SPSS 22.0 software (IBM Corp.).

Results
=======

### NPS2143 promotes SHR VSMCs proliferation and expression of renin and AT1R

To investigate the effect of NPS2143 on the proliferation of SHR VSMCs and the expression of CaSR, renin and AT1R in these cells, optimal concentration and time of exposure to NPS2143 was first measured using MTT. The results indicated that NPS2143 promoted cell proliferation in SHR VSMCs compared with control and that 1 µM for 48 h was the optimal treatment concentration and time (P\<0.05; [Fig. 1A](#f1-etm-0-0-8759){ref-type="fig"} and [B](#f1-etm-0-0-8759){ref-type="fig"}). However, NPS2143 had no effect on WKY VSMCs (P\>0.05; [Fig. S1](#SD1-etm-0-0-8759){ref-type="supplementary-material"}). Therefore, 1 µM for 48 h was used as the treatment condition in the subsequent experiments in SHR VSMCs. Western blotting (P\<0.05; [Fig. 1D-F](#f1-etm-0-0-8759){ref-type="fig"}) and immunofluorescence staining showed that the expression of CaSR was markedly lower in SHR VSMCs compared with WKY VSMCs ([Fig. 1G](#f1-etm-0-0-8759){ref-type="fig"} and [H](#f1-etm-0-0-8759){ref-type="fig"}), and that this reduction was further enhanced by NPS2143 treatment (P\<0.05). The expression of renin and AT1R was higher in SHR VSMCs than in WKY VSMCs and these levels were further increased by NPS2143 treatment compared with no treatment (P\<0.05; [Fig. 1C](#f1-etm-0-0-8759){ref-type="fig"} and [E-H](#f1-etm-0-0-8759){ref-type="fig"}). In addition, CaSR and renin appeared co-localized in the cell membrane and cytoplasm ([Fig. 1G](#f1-etm-0-0-8759){ref-type="fig"}). CaSR and AT1R were also co-localized in the cell membrane and cytoplasm ([Fig. 1H](#f1-etm-0-0-8759){ref-type="fig"}).

### NPS2143 promotes SHR VSMC proliferation by regulating the PLC-IP3/AC-V/cAMP/RAS signaling pathway

To further explore the proliferative effect of NPS2143 on SHR VSMCs, cells were treated with NPS2143 (an antagonist of CaSR), U73122 (a specific inhibitor of PLC), 2-APB (a specific antagonist of the IP3 receptor), MDL12330A (an AC-V inhibitor), captopril (an ACE inhibitor), losartan (an AT1R inhibitor) and NPS2143 combined with PLC-IP3/AC-V/cAMP/RAS signaling pathway inhibitors. Western blot analysis indicated that the protein levels of two contractile/differentiated VSMC phenotype marker proteins (α-SMA and calponin) were decreased in SHR VSMCs compared with WKY VSMCs, while the expression levels of OPN, a synthetic/dedifferentiated phenotype marker protein, and PCNA were significantly increased in SHR VSMCs compared with WKY VSMCs (P\<0.05; [Fig. 2A-E](#f2-etm-0-0-8759){ref-type="fig"}). Compared with the untreated SHR VSMC group, the protein levels of α-SMA and calponin were decreased and OPN and PCNA levels were significantly increased in the NPS2143, U73122 and 2-APB treated groups. However, the MDL12330A, captopril, and losartan treated groups exhibited the opposite effect (P\<0.05; [Fig. 2A-E](#f2-etm-0-0-8759){ref-type="fig"}). Compared with the NPS2143 group, the expression levels of α-SMA and calponin were decreased and the expression of OPN and PCNA were increased in the NPS2143 + U73122 and NPS2143 + 2-APB groups, however, the expression levels of α-SMA and calponin were increased, and the expression of OPN and PCNA were decreased in the NPS2143 + MDL12330A, NPS2143 + captopril, NPS2143 + losartan groups compared with the NPS2143 group (P\<0.05; [Fig. 2A-E](#f2-etm-0-0-8759){ref-type="fig"}).

An MTT assay was used to further examine cell proliferation and flow cytometry was used to examine the regulation of cell cycle progression from the G~0~/G~1~ to S + G~2~/M phases. Data suggested that the proportion of cells in the G~0~/G~1~ phase was lower and the proportion of cells in the S + G~2~/M phase was higher in the SHR group compared with the WKY group. The proportion of G~0~/G~1~ phase cells was lowered further by treatment with NPS2143, U73122 and 2-APB, while it was increased by MDL12330A, captopril and losartan, compared with the SHR group. Compared with the SHR group, the proportion of cells in the S + G~2~/M phase was significantly increased by treatment with NPS2143, U73122 and 2-APB, whilst it was significantly decreased by MDL12330A, captopril and losartan treatment (P\<0.05; [Fig. 2F-H](#f2-etm-0-0-8759){ref-type="fig"}). NPS2143 + U73122 and NPS2143 + 2-APB further promoted cell cycle progression, but NPS2143 + MDL12330A, NPS2143 + captopril, and NPS2143 + losartan had the opposite effect compared with the NPS2143 group (P\<0.05; [Fig. 2F-H](#f2-etm-0-0-8759){ref-type="fig"}).

### NPS2143 inhibits cell apoptosis in SHR VSMCs via the PLC-IP3/AC-V/cAMP/RAS signaling pathway

To investigate whether NPS2143 had an effect on SHR VSMC apoptosis via the PLC-IP3/AC-V/cAMP/RAS signaling pathway, the apoptotic rate and the ratio of Bax/Bcl-2 were examined. The results showed that the number of Annexin-V/PI positive cells and the Bax/Bcl-2 ratio was reduced in SHR VSMCs compared with WKY VSMCs. Apoptosis levels were further reduced by treatment with NPS2143, U73122 and 2-APB, while they were increased by MDL12330A, captopril and losartan, compared with the SHR group. NPS2143 + U73122 and NPS2143 + 2-APB reduced the apoptotic rate and Bax/Bcl-2 ratio compared with cells treated with NPS2143 only, but NPS2143 + MDL12330A, NPS2143 + captopril, and NPS2143 + losartan had the opposite effect (P\<0.05; [Fig. 3](#f3-etm-0-0-8759){ref-type="fig"}).

### NPS2143 activates the RAS system in SHR VSMCs by reducing \[Ca^2+^\]~i~

To test the role and mechanisms of CaSR in regulating the RAS system, the levels of \[Ca^2+^\]~i~ were measured and a lower level of \[Ca^2+^\]~i~ in SHR VSMCs was observed compared with WKY VSMCs. \[Ca^2+^\]~i~ was lowered further by treatment with NPS2143, U73122 and 2-APB. The levels of \[Ca^2+^\]~i~ decreased in the NPS2143 + U73122 and NPS2143 + 2-APB groups compared to the NPS2143 group (P\<0.05; [Fig. 4A](#f4-etm-0-0-8759){ref-type="fig"} and [B](#f4-etm-0-0-8759){ref-type="fig"}). In addition, western blotting results showed that AT1R protein expression was higher in SHR VSMCs compared with WKY VSMCs and this was further increased by NPS2143, U73122 and 2-APB treatment and lowered by MDL12330A, captopril and losartan treatment (P\<0.05). AT1R protein expression levels increased in the NPS2143 + U73122, NPS2143 + 2-APB groups, but decreased in the NPS2143 + MDL12330A, NPS2143 + captopril, and NPS2143 + losartan groups compared to the NPS2143 group (P\<0.05; [Fig. 4C](#f4-etm-0-0-8759){ref-type="fig"} and [D](#f4-etm-0-0-8759){ref-type="fig"}). ELISA results showed that cAMP and renin concentrations exhibited the same trend as AT1R (P\<0.05; [Fig. 4E](#f4-etm-0-0-8759){ref-type="fig"} and [F](#f4-etm-0-0-8759){ref-type="fig"}), though neither the captopril nor losartan groups exhibited significant differences compared with the SHR group, whilst the NPS2143 + captopril and NPS2143 + losartan groups had no effects compared with NPS2143 groups (P\>0.05; [Fig. 4E](#f4-etm-0-0-8759){ref-type="fig"} and [F](#f4-etm-0-0-8759){ref-type="fig"}). Ang II concentration also exhibited the same trend as AT1R (P\<0.05; [Fig. 4G](#f4-etm-0-0-8759){ref-type="fig"}), though the losartan and NPS2143 + losartan groups had no effect on Ang II concentration compared with SHR and NPS2143 groups, respectively (P\>0.05; [Fig. 4G](#f4-etm-0-0-8759){ref-type="fig"}).

### Regulatory effects of AT1R downregulation on NPS2143-induced SHR VSMCs proliferation and apoptosis

To further determine whether AT1R affected NPS2143-induced functional events in SHR VSMCs, as well as the molecular mechanism, VSMCs were transfected with AT1R-shRNA. RT-qPCR (P\<0.05; [Fig. S2A](#SD2-etm-0-0-8759){ref-type="supplementary-material"} and [B](#SD2-etm-0-0-8759){ref-type="supplementary-material"}) and western blotting (P\<0.05; [Fig. S2C-E](#SD2-etm-0-0-8759){ref-type="supplementary-material"}) confirmed the highest interference efficiency of shAT1R-67, which was used in later experiments. The results indicated that shAT1R-67 increased the expression of α-SMA, calponin (P\<0.05; [Fig. 5A-C](#f5-etm-0-0-8759){ref-type="fig"}) and the proportion of cells in the G~0~/G~1~ phase (P\<0.05; [Fig. 5G](#f5-etm-0-0-8759){ref-type="fig"} and [H](#f5-etm-0-0-8759){ref-type="fig"}), while it decreased the expression levels of OPN, PCNA ([Fig. 5A](#f5-etm-0-0-8759){ref-type="fig"}, [D](#f5-etm-0-0-8759){ref-type="fig"} and [E](#f5-etm-0-0-8759){ref-type="fig"}) and cell proliferation (P\<0.05; [Fig. 5F](#f5-etm-0-0-8759){ref-type="fig"}), as well as the proportion of cells in the S+G~2~/M phase (P\<0.05; [Fig. 5G](#f5-etm-0-0-8759){ref-type="fig"} and [H](#f5-etm-0-0-8759){ref-type="fig"}) compared with control group. The results also indicated that shAT1R-67 increased the apoptosis (P\<0.05; [Fig. 6A](#f6-etm-0-0-8759){ref-type="fig"} and [B](#f6-etm-0-0-8759){ref-type="fig"}) and Bax/Bcl-2 ratios (P\<0.05; [Fig. 6C](#f6-etm-0-0-8759){ref-type="fig"} and [D](#f6-etm-0-0-8759){ref-type="fig"}) compared with control group. Furthermore, the effect of NPS2143-mediated inhibition of apoptosis (P\<0.05; [Fig. 6](#f6-etm-0-0-8759){ref-type="fig"}) was weakened by pretreatment with shAT1R-67. Taken together, the results of the present study suggested that activation of the RAS system was involved in NPS2143-induced VSMC proliferation and apoptosis.

Discussion
==========

In the present study, the impact of CaSR inhibition on SHR VSMC proliferation and apoptosis was investigated via disruption to the PLC-IP~3~/AC-V/cAMP/RAS signaling pathway. Additionally, the relationship between CaSR and changes in AC (cAMP content) and RAS activity in VSMCs was explored. The results suggested that CaSR inhibition contributed to VSMC proliferation and attenuated apoptosis and that CaSR inhibition activated the RAS through the PLC-IP3/AC-V/cAMP pathway. Furthermore, downregulation of AT1R attenuated the effect of NPS2143 on the promotion of proliferation and the inhibition of apoptosis in SHR VSMCs.

Although research into CaSR is extensive, the study of CaSR in the cardiovascular field started relatively late. A previous study has demonstrated that CaSR may have a role in regulating BP, the mechanism remains to be elucidated ([@b31-etm-0-0-8759]). Smajilovic *et al* ([@b32-etm-0-0-8759]) confirmed that CaSR was functionally expressed in rat aortic VSMCs and that it affected their proliferation. Previous studies from our research group have also demonstrated similar results ([@b22-etm-0-0-8759]). Maillard *et al* ([@b33-etm-0-0-8759]) suggested that calcimimetic R-568 could regulate the release of renin through CaSR and that renin plays a crucial role in the occurrence of EH. The authors of the current study previously reported that the CaSR agonist, R-568, could lower BP and reduce VSMC proliferation and remodeling by suppressing local RAS activity ([@b23-etm-0-0-8759]), but whether NPS2143, an allosteric inhibitor of CaSR, could play an opposing role in SHR VSMCs was not clear. Previous research results could not adequately explain whether the anti-hypertensive effect mediated by the CaSR agonist R-568 was related to inhibition of the PLC-IP3/AC-V/cAMP/RAS signaling pathway, and therefore the present study was designed to explore this question in depth. In the present study, CaSR was antagonized with NPS2143 in vitro and the results suggested that NPS2143 promoted SHR VSMC proliferation and decreased the expression of CaSR compared with control treatment. However, RAS signaling proteins (renin and AT1R) were increased in SHRs VSMCs compared with WKY VSMCs and further increased by NPS2143 treatment. Based on these data it may be hypothesized that NPS2143 promoted SHR VSMCs proliferation, potentially through activation of the RAS.

VSMC proliferation is associated with vascular sclerosis. Over-proliferation of VSMCs can lead to smaller vessel lumen and thicker vessel walls, which can play an important role in the pathogenesis of hypertension ([@b6-etm-0-0-8759]). In the present study, VSMCs were treated with NPS2143, U73122, 2-APB, MDL12330A, captopril, losartan and NPS2143 combined with these PLC-IP3/AC-V/cAMP/RAS signaling pathway inhibitors to explore whether NPS2143 promoted SHR VSMC proliferation through the PLC-IP3/AC-V/cAMP/RAS pathway. Expression of proliferation-related phenotypic proteins, including α-SMA and calponin (two contractile/differentiated VSMC phenotype marker proteins) ([@b34-etm-0-0-8759]), OPN (a synthetic/dedifferentiated VSMC phenotype marker protein) ([@b35-etm-0-0-8759]) and PCNA (an important index of cell proliferation) ([@b36-etm-0-0-8759]), as well as cell viability and cell cycle stages were examined. The results suggested that the expression of α-SMA and calponin was lower, while OPN and PCNA levels were higher in SHR VSMCs compared with WKY VSMCs. Additionally, cell viability was increased and cell cycle progression was accelerated in SHR VSMCs compared with WKY VSMCs, which were in turn potentiated by NPS2143. NPS2143 in combination with PLC-IP3 pathway blockers had a greater effect on SHR VSMCs than NPS2143 alone, while NPS2143 combined with AC-V/cAMP/RAS pathway blockers had the opposite effect. Although cell proliferation is emphasized as playing a key role in vascular remodeling, the growth of VSMCs is considered to be the result of a balance between proliferation and apoptosis. VSMCs apoptosis in the small arteries of young SHRs has been reported, suggesting that the reduction of the apoptotic rate in resistance vessels contributes to VSMC growth in this model ([@b37-etm-0-0-8759]). Activation of the stromal cell-derived factor-1α/C-X-C motif chemokine receptor 4 axis and NPS2143 could counteract CaSR activation-mediated ischemia/reperfusion injury and promote surgical flap survival through inhibition of caspase-3/caspase-9-related cell apoptosis and enhancement of neovascularization ([@b38-etm-0-0-8759]). The results of the present study suggest that apoptosis was reduced in SHR VSMCs compared with WKY VSMCs and that NPS2143 and NPS2143 combined with PLC-IP~3~/AC-V/cAMP/RAS pathway blockers exhibited a trend opposite to that of proliferation.

In order to investigate the mechanism by which NPS2143 affects proliferation and apoptosis of SHR VSMCs, the current study focused on the roles of cAMP, the RAS and \[Ca^2+^\]~i~ signaling molecules that connect PLC/IP3 and the AC-V/cAMP/RAS pathway. Ortiz-Capisano *et al* ([@b21-etm-0-0-8759]) shown that the activation of CaSR in turn activates the RyR through the PLC/IP3 pathway, increases \[Ca^2+^\]~i~ and inhibits the formation of cAMP, thereby suppressing renin release in primary cultures of isolated mouse juxtaglomerular cells. \[Ca^2+^\]~i~ was investigated using fluo-3/AM and found to be expressed at lower levels in SHR VSMCs than WKY VSMCs and to be decreased with NPS2143, U73122 and 2-APB treatment. NPS2143 combined with U73122 and 2-APB reduced \[Ca^2+^\]~i~ levels compared with NPS2143. Cytosolic calcium may play a regulatory role in apoptosis and chelating intracellular or extracellular calcium; moreover, application of a calcium channel blocker or of calmodulin antagonists has been shown to delay or even eliminate apoptosis ([@b39-etm-0-0-8759],[@b40-etm-0-0-8759]). Therefore, it is possible that NPS2143 may promote proliferation and inhibit the apoptosis of SHR VSMCs not only through the decrease of \[Ca^2+^\]~i~ due to blockage of the PLC/IP3 pathway, but also through a subsequent change in \[Ca^2+^\]~i~, which mediates the activity of the RAS. The RAS plays both a vital physiological role in regulating vascular function and a pathological role in vascular injury, through its role in endothelial dysfunction and vascular remodeling and inflammation ([@b10-etm-0-0-8759],[@b41-etm-0-0-8759]). Renin converts angiotensinogen to Ang I, which is then cleaved by ACE to form Ang II ([@b42-etm-0-0-8759]). Ang II, binds to AT1R and promotes a VSMC phenotypic switch, from a contractile to a proliferative and synthetic phenotype, leading to changes in the contractile machinery, vascular hypertrophy/proliferation and secretion of contractile marker proteins ([@b43-etm-0-0-8759]). Numerous studies have suggested that ACE inhibitors and AT1R blockers may contribute to the regression of vascular wall growth through activation of proapoptotic pathways ([@b44-etm-0-0-8759],[@b45-etm-0-0-8759]). Rybczynska *et al* ([@b18-etm-0-0-8759]) reported that blocking calcium channels and the blockade of AT1 receptors prevented the hypertensive effect of calcilytic NPS2143 in normotensive rats. In the current study, the expression of cAMP, renin, Ang II and AT1R was increased in SHR VSMCs compared with WKY VSMCs, and was further increased by NPS2143 treatment. NPS2143 combined with PLC-IP3 pathway blockers enhanced the effect of NPS2143 on SHR VSMCs, while NPS2143 combined with AC-V/cAMP/RAS pathway blockers inhibited the effect of NPS2143 on SHR VSMCs. These results suggested that the CaSR antagonist NPS2143 promoted SHR VSMC proliferation and inhibited apoptosis by activating the AC-V/cAMP/RAS pathway.

Finally, in order to further elucidate the molecular mechanism by which the RAS contributes to the proliferation and apoptosis induced by NPS2143, a loss-of-function mutation in AT1R was established through adenovirus infection. Prior transfection with AT1R shRNA by adenovirus infection resulted in α-SMA and calponin upregulation and PCNA and OPN downregulation, as well as inhibition of the proliferation and promotion of apoptosis induced by NPS2143. These results are consistent with the suggestion that regulation of RAS pathways is the molecular mechanism by which CaSR contributes to proliferation and apoptosis in SHR VSMCs.

The present study has limitations. The RAS includes the classical and non-classical RAS, while the current only focused on classical RAS. Whether non-classical RAS also has a role in CaSR-mediated cell proliferation and apoptosis remains to be elucidated.

In conclusion, the results of the present study suggested that a reduction in the expression of CaSR can lead to the proliferation and apoptosis of SHR VSMCs by activation of the RAS. CaSR antagonist NPS2143 promoted cell proliferation and inhibited apoptosis, while the use of a CaSR agonist combined with a RAS blocker interfered with abnormal proliferation and apoptosis of VSMCs. This method of treatment may have a positive role in lowering blood pressure and reversing vascular remodeling in the treatment of hypertension.

Supplementary Material
======================

###### Determination of cell proliferation in WKY VSMCs. VSMCs from WKY were incubated with different concentrations of NPS2143 (0.01, 0.03, 0.1, 0.3 and 1 μM) for 12, 24, 48 and 72 h before VSMC proliferation was tested by MTT assay. Data are expressed as the mean ± SEM, n=6. VSMC, vascular smooth muscle cell; WKY, Wistar Kyoto rats.

###### AT1R verification of interference efficiency in SHR VSMCs. (A) Reverse transcription-quantitative PCR analysis of AT1R mRNA expression after transfection. (B) Interference ratio of AT1R mRNA after transfection. (C) Western blot analysis of AT1R protein expression after transfection. (D) Densitometric analysis of AT1R protein after transfection. (E) Interference ratio of AT1R protein after transfection. The data are expressed as the means ± SEM, n=6. ^\*^P\<0.05 vs. control group; ^\#^P\<0.05 vs. vehicle group. AT1R, Ang II type 1 receptor. SHR, spontaneously hypertensive rat; VSMC, vascular smooth muscle cell; vehicle, shRNA scrambled transfection; shRNA, short hairpin RNA.
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![Determination of cell proliferation levels and the expression of CaSR, renin and AT1R in SHRs VSMCs. (A) Effects of NPS2143 at different concentrations of NPS2143 (0.01, 0.03, 0.1, 0.3 and 1 µM) for 12, 24, 48 and 72 h on the absorbance at 490 nm of SHR VSMCs was tested by MTT assay. (B) Effects of NPS2143 at different concentrations (0.01, 0.03, 0.1, 0.3 and 1 µM) for 12, 24, 48 and 72 h on the cell proliferation ratio of SHR VSMCs as tested by MTT assay. ^\*^P\<0.05 vs. the control group at the respective time point. (C) CaSR, renin and AT1R protein expression levels were assessed by western blot analysis. (D) CaSR, (E) renin and (F) AT1R levels were quantified in relation to β-actin levels. (G) Immunofluorescence indicated that CaSR co-localized with renin. (H) Immunofluorescence analysis indicated that CaSR co-localized with AT1R. Magnification, x400. The data are presented as the mean ± SEM, n=3. ^\*^P\<0.05 vs. WKY group; ^\#^P\<0.05 vs. the SHR group. AT1R, angiotensin II type 1 receptor; CaSR, calcium-sensing receptor; SHR, VSMCs from spontaneously hypertensive rats; VSMC, vascular smooth muscle cell; WKY, VSMCs from Wistar Kyoto rats.](etm-20-02-0818-g00){#f1-etm-0-0-8759}

![Western blot analysis of proliferation and remodeling-associated protein expression and MTT and cell cycle regulation analysis of proliferation in SHR VSMCs. (A) Western blot analysis of α-SMA, calponin, OPN and PCNA protein expression. (B) Densitometric analysis of α-SMA expression. (C) Densitometric analysis of calponin expression. (D) Densitometric analysis of OPN expression. (E) Densitometric analysis of PCNA expression. (F) MTT assay was used to test VSMC proliferation. (G) Flow cytometry was used to examine cell cycle distribution in the different treatment groups (green, G~0~/G~1~ phase, yellow, S phase, blue, G~2~/M phase) and (H) Quantitative analysis of flow cytometry data. VSMCs in the intervention groups were all derived from spontaneously hypertensive rats. Data are presented as the mean ± SEM, n=6. ^\*^P\<0.05 vs. WKY; ^\#^P\<0.05 vs. SHR; ^&^P\<0.05 vs. NPS2143. α-SMA, smooth muscle α-actin; OPN, osteopontin; PCNA, proliferating cell nuclear antigen; SHR, VSMCs from spontaneously hypertensive rats; VSMC, vascular smooth muscle cell; WKY, VSMCs from Wistar Kyoto rats.](etm-20-02-0818-g01){#f2-etm-0-0-8759}

![Determination of the apoptotic rate and levels of apoptosis-related proteins in SHR VSMCs. (A) Annexin-V/PI staining and flow cytometry was used to determine the level of apoptosis. (B) Cells in Q2 and Q3 were classed as apoptotic and the results were analyzed quantitatively. (C) Bax and Bcl-2 protein expression was assessed by western blot analysis and (D) the ratio of Bax/Bcl-2 quantified. VSMCs in the intervention groups were all derived from spontaneously hypertensive rats. The data are expressed as the mean ± SEM, n=3. ^\*^P\<0.05 vs. WKY; ^\#^P\<0.05 vs. the SHR group; ^&^P\<0.05 vs. the NPS2143 group. SHR, VSMCs from spontaneously hypertensive rats; VSMC, vascular smooth muscle cell; WKY, VSMCs from Wistar Kyoto rats.](etm-20-02-0818-g02){#f3-etm-0-0-8759}

![Determination of \[Ca^2+^\]~i~, AT1R protein expression and cAMP, renin and Ang II levels in SHR VSMCs. (A) Changes in the intensity of fluorescence of \[Ca^2+^\]~i~ were recorded with a laser scanning confocal microscope under different treatment conditions. Magnification, x400. (B) Quantitative analysis of fluorescence intensity. (C) AT1R protein expression assayed by western blot analysis. (D) Densitometric analysis of AT1R expression. (E) ELISA detection of cAMP concentration. (F) ELISA detection of renin concentration. (G) ELISA detection of Ang II concentration. VSMCs in the intervention group were all derived from spontaneously hypertensive rats. The data are expressed as the mean ± SEM. n=3 for (A-D), n=6 for (E-G). ^\*^P\<0.05 vs. WKY group; ^\#^P\<0.05 vs. SHR group; ^&^P \<0.05 vs. NPS2143 group. WKY, VSMCs from Wistar Kyoto rats; SHR, VSMCs from spontaneously hypertensive rats; Ang II, Angiotensin II; AT1R, Ang II type 1 receptor; cAMP, cyclic adenosine monophosphate; VSMC, vascular smooth muscle cell; \[Ca^2+^\]~i~, intracellular calcium.](etm-20-02-0818-g03){#f4-etm-0-0-8759}

![NPS2143 promotes proliferation by downregulating AT1R expression in SHR VSMCs. (A) Western blot analysis of α-SMA, calponin, OPN and PCNA protein expression. (B) Densitometric analysis of α-SMA expression. (C) Densitometric analysis of calponin expression. (D) Densitometric analysis of OPN expression. (E) Densitometric analysis of PCNA expression. (F) MTT assay was used to test VSMC viability. (G) Flow cytometry was used to examine cell cycle distribution (green, G~0~/G~1~ phase, yellow, S phase, blue, G~2~/M phase). (H) Quantitative analysis of flow cytometry data. Data are expressed as the mean ± SEM, n=3, ^\*^P\<0.05 vs. control group; ^\#^P\<0.05 vs. NPS2143 group. α-SMA, smooth muscle α-actin; OPN, osteopontin; PCNA, proliferating cell nuclear antigen; AT1R, Ang II type 1 receptor; SHR, VSMCs from spontaneously hypertensive rats; VSMC, vascular smooth muscle cell.](etm-20-02-0818-g04){#f5-etm-0-0-8759}

![NPS2143 inhibits apoptosis by downregulating AT1R expression in SHR VSMCs. (A) The level of apoptosis was examined using flow cytometry and the upper right area and the lower right area were regarded as apoptotic areas. (B) Quantitative analysis of flow cytometry results. (C) Bax and Bcl-2 protein expression assayed by western blot analysis. (D) The ratio of the Bax/Bcl-2. The data are expressed as the mean ± SEM, n=3. ^\*^P\<0.05 vs. control group; ^\#^P\<0.05 vs. NPS2143 group. SHR, VSMCs from spontaneously hypertensive rats; VSMC, vascular smooth muscle cell; vehicle, shRNA scrambled transfection; shRNA, short hairpin RNA.](etm-20-02-0818-g05){#f6-etm-0-0-8759}
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